Marek's disease virus (MDV) is a pathogen of chickens whose control has twice been un-7 dermined by pathogen evolution. Disease ecology is believed to be the main driver of this 8 evolution, yet mathematical models of MDV disease ecology have never been confronted 9 with data to test their reliability. Here, we develop a suite of MDV models that differ in 10 the ecological mechanisms they include. We fit these models with maximum likelihood in 11 'pomp' to data on MDV concentration in dust collected from two commercial broiler farms. 12 Using AIC to compare the models, we find that virus dynamics are influenced by between-13 flock variation in host susceptibility to virus, shedding rate from infected birds, and cleanout 14 efficiency. We also find evidence that virus is reintroduced to farms approximately once per 15 month, but we do not find evidence that virus sanitization rates vary between flocks. Of the 16 models that survive model selection, we find agreement between parameter estimates and 17 previous experimental data, as well as agreement between field data and the predictions of 18 these models, suggesting robustness of model predictions. Using the set of surviving models, 19 we explore how changes to farming practices are predicted to influence MDV costs, should 20 pathogen evolution undermine existing control measures. By quantitatively capturing the 21 mechanisms of disease ecology, we have laid the groundwork to explore the future trajectory 22 of virus evolution. 23 24
dE 4 (t) dt = βE 3 (t) − βE 4 (t),
dE 5 (t) dt = βE 4 (t) − βE 5 (t),
dI(t) dt = βE 5 (t),
The outcome of the cleanout process is that dust and virus might be removed concurrently 151 through mechanical processes, or virus may degrade without the removal of dust due to the 152 action of disinfectants. We thus model the initial virus and dust concentration in flocks using 153 the following model:
where
f c ∼ Beta(µ f , ν f ).
Here, ψ c and ω c are the respective total dust and total virus at the start time of flock c. 156 l c−1 is the load out time of flock c − 1, making D(l c−1 ) and V (l c−1 ) the respective dust and is provided in table 1. 165 To account for the fact that bird population sizes are finite, and for computational conve-166 nience, the above differential equations were replaced with their corresponding probabilistic 167 transition equations (Kennedy et al. 2014 (Kennedy et al. , 2015a , where time was discretized to units of one removed by respectively assuming that σ α = 0 or σ a = 0. Variation in the cleanout efficiency 176 of dust and virus or in the decay rate of virus during downtime can be respectively removed 177 by assuming that ν C or ν f are extremely large. Virus reintroduction can be removed by 178 assuming that M r = 0. Note that this additionally removes the parameter M µ from the 179 model. To test for the importance of these sources of variation in explaining virus dynamics, 180 we therefore generated every version of the model that includes or excludes each of these 181 factors (32 models in total), and we fit each of these models to data. 3 ). For data that did not exceed our limit of detection, 216 the likelihood was one minus the value resulting from this regression assuming the mean 217 given by the model. For data that did exceed the limit of detection, the likelihood was 218 the probability of detection multiplied by the probability of observing the particular virus 219 concentration seen in the data (data were log 10 plus 1 transformed), where the standard 220 deviation was determined by a linear regression of the standard deviation with respect to 221 the mean. We thus modeled this component of likelihood as a normal distribution with mean 222 µ given by the model and standard deviation 1.127 − 0.151µ ( fig. 3 ).
223
Parameter estimation was performed using maximum likelihood methods with the 'mif2' Anderson 2002). We further explored the ability of the models to explain the data by sim-236 ulating 5000 realizations from the weighted set of reasonable models, defined as any model 237 with weight greater than 0.01. Each model was simulated using its respective maximum 238 likelihood parameter estimates. We present envelopes that encompass central quantiles from 239 these simulations.
240
MD takes four to twelve weeks post exposure to develop, and so the risk of leukosis con-241 demnation is likely to positively correlate with the fraction of birds exposed to virus at least 242 30 days prior to load out. Hereafter, we refer to this fraction of birds exposed to virus 30 243 or more days before loadout as the "condemnation risk". We present envelopes that encom-parameters from the set of reasonable models. We explore the impact of altering features of 246 poultry rearing by exploring how two fold increases or decreases in model parameters rela-247 tive to maximum likelihood estimates alter condemnation risk (rearing duration is altered 248 by plus or minus 5 days).
249
To explore whether the parameter estimates that best explain the data from Farm A
250
House 1 also provide a reasonable estimate for the data from Farm E House 4, and to explore 251 the impact of rearing duration on MDV dynamics, we repeat these methods, applying the 252 fitted models from Farm A House 1 to the rearing parameters (i.e. placement dates and load 253 out dates) from Farm E House 4. We also do the reverse to see whether the best fit models 254 and parameters from Farm E House 4 provide a reasonable explanation for the data from 
274
By fitting our suite of models to the data from Farm A House 1, we found that three 
283
We find somewhat different results when we examine the Farm E House 4 data. While 284 we again find that several models provide comparable fits to the data according to AIC 285 (table 3) , we find that for this dataset, every model that includes reintroduction of virus 286 (M µ and M r ) has a better AIC score than every model that excludes this mechanism. This 287 result suggests that virus reintroduction is important to explaining dynamics on this farm. In 288 addition, we find that virus reintroduction alone is unable to explain the breadth of variation 289 present on the farm, as noted by the fact that model M1 which includes only stochastic virus 290 introduction is not in our set of models with weights greater than 0.01. Rather, we find that 291 each of the models that provide reasonable explanations for the data also include variation 292 between flocks in either virus transmission rate or virus shed rate from infected birds.
293
In fig. 6 
Host dynamics
Virus and dust dynamics
Between cohort persistence Figure 1 : Schematic of the model. All states and parameters are as described in the main text. Solid lines indicate transitions between model classes. Dashed lines indicate that producing dust and virus does not cause birds to leave their current model class. Dotted lines indicate the between flock persistence of dust and virus. Note that without altering the model, we depict the exposed class as a single group, where the time until an exposed host becomes infected is gamma distributed with shape equal to 5 and rate equal to β. Points are the log mean plus one virus copy number per mg of dust collected at each sample time. Under the assumption that noise in the data is homoscedastic and normally distributed, bars show 95% confidence intervals around maximum likelihood estimates of virus copy number per mg of dust (Kennedy et al. 2017) . Note that in rare circumstances, the error bars do not overlap the data points because the log mean virus concentration differs slightly from the maximum likelihood virus concentration. This discrepancy is partially due to the assumption of homoscedasticity in the data, an assumption that we relax to fit our models.
(2017) . Shown on the left is the probability of virus detection across biological replicates as a function of measured log mean virus concentration. Points are the raw data, and the line is the best fit probit regression line. Shown on the right is the observed standard deviation of biological replicates from the same study, discarding when log mean virus concentrations were below 10 3 . Points are again the data, and the solid line is the best fit linear regression line. fig. 1 using an illustrative parameter set (table 1) . As in fig. 2 , red intervals show periods of down time, when birds are absent from houses. Both panels show trajectories using the same model parameters, but where rearing duration is 80 days (top) or 40 days (bottom). Note the differences in dynamics between these panels, as well as the differences in dynamics across trajectories and within trajectories between flocks. Jan14 Jan15 Jan16 Date Fraction exposed or infectious Figure 8 : Fraction of birds present in a house that are currently in the exposed or infectious class. Note that we arbitrarily set the value to zero when birds were absent from the house. See fig. 7 for interpretation of colors and lines. Figure 9 : Simulated condemnation risk for Farm A House 1 (black) and Farm E House 4 (red) when altering the model parameters (solid horizontal lines mark condemnation risk at maximum likelihood estimates). "0.5x" on the x-axis denotes halving the parameter value, and "2x" denotes doubling the parameter value, with the exception of the mean cleanout efficiency µ C and the mean virus degradation between flocks µ f . For these latter parameters "0.5x" is the case where twice as much virus or dust is held over between flocks, bounded to be non-negative (i.e. argmax(2µ − 1, 0)), and "2x" is where hold over virus or dust is cut in half (i.e. µ+1 2 ). Respectively, "-5" and "+5" denote decreasing or increasing the rearing duration τ max by 5 days. Note that the direction of the effect for each parameter is always the same between Farm A House 1 and Farm E House 4, but some parameters have disproportionately more effect on the condemnation risk of one farm than the other. Note that the panels are swapped relative to fig. 7 to facilitate comparison of the impact of rearing duration on virus dynamics. The lack of agreement between model predictions and data suggest that the parameter values governing virus transmission differ at least slightly between these farms. 
